There are two challenges in three-dimensional (3D) profilometry, such as real-time and accuracy. Color-encoding fringe projection profilometry (CEFPP) can solve these challenges to some extent. It encodes in the red, green, and blue color channels, and CEFP can use three completely different fringe patterns. In this paper, a novel CEFP that only uses one color fringe image acquired by experiential 3CCD cameras is presented. First, the wavelet transform coefficients phase at the ridge position under the Morlet wavelet is theoretically clarified. A simple and quick method that acquires the scaling coefficient is introduced. The wrapped phases in the three color channels of the color fringe image are obtained by wavelet bridge position. The phase original of color fringe pattern is defined as one white color. Using an evolution function defined in this paper, the phase-crossing is located. An absolute phase is acquired by a three coding pitch method in a two coding direction. In order to verify the presented method, some profilometry experiments are carried out in the constructed 3D profilometry system using one projector and one 3CCD camera. The experimental results showed that a maximum standard deviation of measurement error is 1.42mm, and the reconstruction surface of a gypsum head portrait can be determined.
Introduction
There is a demand of no-contact measurement of an object in many areas, such as biomedicine, surface topography, machine vision, industry inspection, reverse engineering and other applications [1, 2] . Optical measurement methods meet this demand and are the effective method. Optical non-contact measurement has played an increasingly important role in these areas. Numerous techniques have been developed, including Moiré, holography, and fringe projection, which has become the first choice.
Fringe projection profilometry (FPP) based on fringe coding patterns and fringe image calculation has been employed. The coding-objects of fringe patterns are the pixel coordinates in the fringe patterns and are indicated as a cosine function [3, 4, 5] . They can be divided into Gray-encoded fringe projection profilometry [6, 7] and Color-encoded fringe projection profilometry (CEFPP) [8, 9, 10] , etc.
There are two challenges in three-dimensional (3D) profilometry, such as real-time and accuracy. The color-encoding fringe projection profilometry (CEFPP) can solve these challenges to some extent [11, 12] . CEFPP uses only one fringe pattern [13] , which has three different fringe patterns encoded in the red (R), green (G), and blue (B) channels [14] . The measured object's surface is projected by this color fringe pattern. 3 CCD cameras are used to capture the corresponding color deformed fringe image. The diversity phase is extracted from three color channels of the deformed fringe image [15] .
The phase information was extracted from fringe images by the acquire phase. According to the mathematical formula of the acquired phase, these methods can be divided into Phase shifting profilometry (PSP) [16, 17, 18] and Fourier transformation profilometry (FTP) [19, 20] . But, the spatial localization is poor in the FTP operation. The Windowed Fourier transform profilometry (WFTP) [21] has improved the spatial localization to some extent. Wavelets transform (WT) [22, 23, 24] has advantages of multi-scaling frequency and locating temporal-spatial position. Because of these two advantages, WT has been used to analyze optical fringe images [25, 26] . A wavelet ridge technique (WRT) is a technique used to locate the corresponding time or frequency of the single. Chen used WRT [27] to detect the spatial frequency of a deformation fringe image. After WT of the optical fringe image, the phase gradient method was introduced to obtain the phase via Watkins [28, 29] . The Paul wavelet was then used to evaluate the phase distribution of fringe images [30, 31] . All above methods focused on the wavenumber of fringe images as well as the scaling coefficient.
The result of the arctangent operation is a value in (-π, π). WRT would obviously result in the phase of every color channel within 2π discontinuities. In order to remove the 2π discontinuities, many unwrapping phase methods have been proposed by scholars. The spatial unwrapping methods [32, 33, 34] , such as the wrapped phase region growing method, the unwrapping path optimum method, the unwrapping phase quality navigation method and so on, are carried out by using one wrapped map. The absolute phase direct acquirement methods are another kind of method. These methods use not only the wrapped phase map, but also other symbols [35, 36, 37, 38] . These symbols include another wrapped phase map (dualwavelength method) and the coding pitch symbols (Gray-coding or other binary code). However, all these methods started to form the end of the fringe image. This beginning wastes another coding direction of fringe patterns.
According to the definition of a Morlet wavelet, the wavelet bridge position is theoretically demonstrated. Then, we clarified that the relationship between the scaling coefficient and the square root of a wavenumber fringe image deformed from the fringe pattern is inversely proportional [39, 40, 41] . These are mainly explained in Section 2. Section 3 introduces a simple method of selecting the scaling the coefficient vector p. The color coding fringe pattern and a novel absolute phase acquirement is proposed. The color coding fringe pattern and a novel absolute phase acquirement method is given in Section 4. Section 5 shows the experimental results. Finally, conclusions are made in Section 6.
Phase Acquirement Method by WRT

Wavelet Ridges
A mother wavelet could convert to serious daughter wavelets by changing parameters. Firstly, daughter wavelets φp,t(x) are normalized by the inverse square root factor such as
where t is a shift parameter related to x and p is a scaling coefficient and p>0. This normalization of a daughter wavelet helps the scaling coefficient p dissociate from the single energy or the amplitude of the WT coefficients. By using this normalization, all frequency components are equal. With this definition, the WT coefficient, W(p, t), of one fringe image can be obtained by
where φ* is the complex conjugate function of the mother wavelet φ. Because the complex Morlet has a spatial localization, this is a selection mother wavelet. Its form is described as
where FB is the wavenumber range concluded in the mother wavelet, and FC represents its middle wavenumber of FB. The gray value of an optical fringe image can be expressed as
where (x) is the phase distribution of the fringe image modulated by the measured object. A represents the ambient light, usually as DC components. B denotes the amplitude modulation of the fringes, and i is the imaginary unit. According to formula (2), The WT of I(x) is as follows.
,
Employing the complex Morlet definition in Formula (3), the WT in Formula (5) becomes
Usually, the wavenumber of one fringe image is more than 1, so the coefficient FB>1. FC>1 is obviously satisfies. If (b)>0, then W3 = 0. This case is the same when (b) <0 and W2 = 0. The WT coefficient of I(x) can be calculated as W=W(p, t)=W2 (or W=W(p, t)=W3). The modulus of the WT coefficient I(x) is expressed as follows.
Thus, the partial derivatives of the modulus of the WT coefficient |W| to the scaling coefficient p can be calculated as
Setting this partial derivative as zero, |W| reaches its maximum value at
where pr(t) represents the scaling coefficient at the ridge point dependent on the spatial shift parameters t, and fB = (t)/2π is the so-called wavenumber of the fringe image. Position t, the wavelet ridge of the WT coefficient is defined as the modulus peak of the WT coefficient. Therefore, the WT coefficient of the optical fringe image on the wavelet ridge becomes
At the wavelet ridge position, the modulus of the WT coefficients has a positive relationship with the amplitude modulation of the fringes as well as the square root of the scaling coefficient p. This modulus has an inverse relationship with the square root of the wavenumber of fringe image fB. The phase information is contained in the WT coefficients of the wavelet ridge.
Phase Acquirement
According to the definition in Formula (1) , the shift parameter t has a relationship with the phase distribution of the fringe image. We can obtain a conclusion that the phase of the WT coefficient of the optical fringe image is equal to the measured object's phase distribution in Formula (10) . If the WRT is carried out to the optical fringe image, the position of the wavelet bridge is determined by WT and the maximum module of the WT coefficient. After employing the WRT on the optical fringe image, the wrapped phase map, a phase value that ranges (-π, π), can be calculated as follows. (11) Here, Im[] obtains the imaginary of a complex WT coefficient, and Re[] obtains the real parts. If any unwrapping phase method is employed to the wrapped phase map, the phase distribution  (x) of the measured object's surface can be obtained. This acquirement phase method names the phase acquirement method by WRT.
Selection of Scaling Coefficient p
The scaling coefficient p plays an important role in the wavelet ridge extraction algorithm. Its value is very important for the time and accuracy of the obtained phase, so the scaling coefficient vector is usually set by the experiment. During the WRT in actual profilometry, the scaling coefficient vector p is always defined as a set, whose value is an arithmetic sequence with the common difference Δp.
First of all, the scaling coefficients {pr} that correspond to the wavelet bridge must be in the range of the scaling coefficient vector. We proposed a simple and fast way to configure the vector as follows.
Firstly, suppose that k0 is a proportionality ratio of p and fB, then Formula (9) can be written as p= k0/ fB. Moreover, we note that fB  1/n, where n is the pitch pixel number of one fringe. Finally, both range ends of the scaling coefficient vector are evaluated as follows.
where nmin and nmax are respectively where the pixel amount is the narrowest and widest fringe in the fringe image. Both range ends are configured as pmin and pmax.
Without a doubt, the common difference Δp of the scaling coefficient vector directly influences the accuracy of WRT. The smaller common difference is used in WRT, and the higher accuracy of the phase is obtained. The scaling coefficient vector is discrete, so the location accuracy pr has an uncertainty value of Δp/2. This uncertainty value could ignore by using the spatial frequency match filter, which can filter out the first spatial frequency spectrum. The pass-band of the spatial frequency match filer is usually more than Δp/2. Finally, through the phase acquirement method by WRT, the wrapped phase can be obtained.
Color Coding Patterns and Absolute Phase Acquirement
White-Light-Interference-Like Color Encoding Fringe Pattern
A novel color-coding fringe pattern, which is so-called the White-light-interference-like color coding fringe pattern, is employed in this paper. The color coding fringe pattern is shown as Figure 1 (13) where Gj(n) is the gray-value in the jth color channel. j is the R, G, B color channel, n is the row coordinate of the fringe pattern, nc is the middle of this row, and pithj is the number of coding pixel in the jth channel. In Figure 1 , the pitch of the R channel is 30 pixels, and G and B have a pitch of 36 and 42 respectively. Because we use the fringe to locate both match pixels between the fringe pattern and fringe image, the column coordinate of fringe pattern can be ignored.
Through a DLP projector, the measured object's surface is projected by only one color fringe pattern. A color camera, which is mounted using the triangle principle and is controlled by one PC, is used to capture the color image. The color image reveals information such as the phase distribution of the measured object's surface (measurement value) and the ambient light (measurement noise). The phase distribution calculated from the captured fringe image (performed as the form of phase change) is related to the 3D coordinate of the measured object.
Absolute phase acquirement
By using WRT, a wrapped phase map can be determined. The wrapped phase in row of the fringe image is shown in Figure  2 . In Figure 2 , the red line is the wrapped phase acquiring by the R channel of the fringe image. The pitch in the R channel is 30 pixels. The green and blue lines, whose pitches are 36 pixels and 42 pixels, are the wrapped phases from the G and B channels, respectively. In order to show the detail about the novel color encoding fringe pattern, the dotted rectangle in Figure 2 is enlarged in Figure 3 . In the color fringe pattern, the unique location feature is the white fringe, which is the coding common origin of the three color channel. It is defined as the phase-crossing of the three-wrapped phase from different color channels. Firstly, we must accurately obtain the pixel coordinate of the phase-crossing. There is noise in the fringe image, and so the phasecrossing cannot directly locate the position of the fringe patterns. We define an evaluation function as follows:
where ψR, ψG and ψB are the wrapped phases obtained from the color fringe image using WRT, which is described in section 2. In the phase-crossing, the EF has a minimum value. The optimum phase-crossing can be precisely located in every row of the fringe image using the Levenberg-Marquardt algorithm.
The absolute phase is given as follows
where kR, kG and kB are the figure order of R, G and B channel color fringes. Suppose ΔkR=ψR/2π, ΔkG=ψG/2π and ΔkB=ψB/2π, and that they are fractional parts. The fractional part corresponds with the wrapped phase in the difference color channel. The key of the absolute phase is obtaining the integer parts kR, kG and kB. Suppose that the optimum of phasecrossing is the zeros fringe order and its corresponding phase is 0.
The fringe orders are kB and kG for the two wrapped phases respectively at any point of the object. They are acquired from the B and G channels of the color fringe image. The row coordinate of the fringe pattern is nGB. The pitch of the superimposed fringe is nGB. The following equation can be given: If kG  kB is known, ΔkG and ΔkB can be derived from Equation (15) . The integer and the fraction of its fringe order are K12 and ΔK12. According to the features of the fringe, the following formula is true. 
In the actual measurement, the wrapped phase is having noise, so the formula is rewritten as: (20) Suppose kG =kR, kB = K12, ΔkG =ΔkR, ΔkB=ΔK12, pitchG=pitchR and pitchB=pitchGB. After substituting these into Formula (20) , the fringe order corresponding to the absolute phase is acquirement.
Because the zeros fringe order has been located, we can acquire the absolute phase in both sides of the direction of pattern pixels. This processing will decrease the time and increase the accuracy of CEFPP by using the smaller pitch of the fringe.
Experiments
An experiment is carried out to verify the performance of the presented method in this paper. A color-coding cosine fringe pattern is projected onto the measured object, which is a white stand plane, by an Acer H7531D DLP projector. The fringe image is captured by a Hitachi F22 3CCD camera as shown in Figure 4 . The baseline between the camera and the projector is approximately 400 mm. The angle between the optical axes of the camera and the projector is about 30 degrees. The color fringe image is cut to an image resolution of 630×840 pixels because the image transformation cannot deal with the background. It is easy to detect that the minimum fringe pixel number in different channels, which approximates to nmin=20, and the maximum fringe pixels number is nmax=30. With the linear calibration method based on the orthogonal White-light-interference-like color coding fringe pattern, the mapping relationship between 3D coordinates and the camera image coordinates is calibrated. The matrix C is the transformation of this relationship and is as follows. The matrix P, which is the mapping relationship between projector image coordinates and 3D coordinates, is shown too. The Wrapped phase (WP) of difference color channel is obtained by the wavelet ridge discussed in this paper and is shown in Figure 5 . In Table 1 , we provide the mean and standard deviations (SD) for the different position planes within the 3D world coordinate system calibration range.
The profilometry of a complex measured object is carried as a qualitative evaluation of CEFPP presented in this paper. The measured object is shown in Figure 6 . The deformed color fringe image is show in Figure 7 . The different color channel fringe images shown in Figures 8 a) , b) and c) correspond to the R color channel, the G color channel and the B color channel. Figure 8 d) showed the absolute phase measured by the methods presented in Section 4. The 3D coordinates of the measured object are shown in Figure 9 . 
Conclusions
A unique color coding profilometry is presented in this paper. It is constituted with three new technologies: the white-lightinterference-like color coding fringe pattern, absolute phase measurement based on WRT and the phase-crossing location. This presented method uses only one color coding pattern to acquire the 3D coordinates of the measured object, which could improve the measurement speed. The phase acquirement technology based on Morlet daughter wavelet ridge definitions in the fringe projection profilometry is theoretically deduced. This derivation reveals that WRT based on Morlet daughter wavelet can be used in color coding fringe projection profilometry. It is clear that the WRT modulus has an inverse relationship with the square root of the wave number of fringe images Fb. The reconstruction surface of a complex object is smooth, and it properly displays the face of the measured object.
